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Vertical-cavity surface-emitting lasers ͑VCSELs͒ are revolutionizing the semiconductor laser industry. These surface-emitting lasers offer several advantages over edgeemitting semiconductor lasers, including low threshold currents ͑typically 1-2 mA͒, the potential for use in twodimensional arrays, an inherently single-longitudinal-mode output beam, and inexpensive wafer-scale fabrication. 1 Because of these strengths, digital modulation of VCSELs has been the subject of extensive research, and VCSELs are currently mass produced for gigabit Ethernet over multimode fiber. 2 Vertical-cavity lasers are also of interest for use in a number of diverse analog applications such as CATV distribution and phased array radar links; however, analog modulation of VCSELs has not been thoroughly investigated. Applications for analog lasers require highly linear wideband operation, with low relative intensity noise, minimal intermodulation distortion, and high dynamic range. 3 Because VCSELs can exhibit stable single-mode operation at high modulation frequencies, these lasers are particularly promising candidates for fulfilling the requirements of analog systems. The maximum spur-free dynamic range ͑SFDR͒ obtained using short wavelength ͑850 or 980 nm͒ VCSELs is 113 dB Hz 2/3 at 900 MHz for a free space link, and 85 dB Hz 2/3 for transmission over 150 m of multimode fiber at frequencies ranging from 600 MHz to 2.6 GHz. 3, 4 Furthermore, error-free analog transmission over 3 km of fiber was demonstrated for two-channel subcarrier modulation of a VCSEL at 1 GHz with a 400 MHz channel spacing. 5 Others have investigated analog modulation of long wavelength ͑1.5 m͒ VCSELs. 6 While none of these results match the 125 dB Hz 2/3 SFDR of commercial grade analog DFB lasers, this work does suggest that, with future design improvements, VCSELs may be able to compete with DFB lasers for analog applications.
To address this design challenge, we have developed a three-contact VCSEL with an intracavity, voltage-controlled absorber. With this three-contact VCSEL, two distinct methods of analog modulation are possible. Microwave subcarriers can be obtained either by conventional modulation of the laser gain or by modulation of the cavity loss as a result of applying the microwave signal to the absorber bias voltage. In this letter, we compare the SFDR that can be obtained using each of these two possible analog modulation techniques under various bias conditions, and we discuss the physical origins of the observed responses.
The device used in this study is a VCSEL with an additional quantum well integrated into the upper mirror stack; this second quantum well functions as a voltage-controlled absorber. 7 The overall n-p-n doped, three-contact design allows independent biasing of the two active regions. The gain region, which is comprised of three 70 Å GaAs quantum wells, is forward biased. In contrast, the 90 Å GaAs quantum well in the upper mirror stack acts as an absorber under reverse voltage bias, allowing the user to control the magnitude of the cavity loss.
The cw response of this laser is shown in Fig. 1 ; a detailed analysis of the absorber behavior is presented in Ref. 7 . Bandwidths of 8-9 GHz are obtained for small-signal modulation of either the gain or absorber regions. 7 To measure the third-order intermodulation distortion and calculate the SFDR for this laser, a two-tone measurement is performed. Two separate oscillators at frequencies of 40 and 41 MHz are combined in a resistive power combiner, and the combined rf drive is delivered along with a dc bias to the device. Gain modulation is obtained by applying the rf drive signal to the gain region; alternatively, cavity loss modulation can be obtained by applying the drive signal to the quantum well absorber. The 830 nm lasing emission from the VCSEL is coupled into graded-index multimode optical fiber ͑50 or 62.5 m diameter͒. The fiber output is imaged onto a 125 MHz bandwidth silicon photoreceiver, and the resulting electrical signal is measured with a spectrum analyzer. The overall received light power is kept constant at 20 W with a variable attenuator. At this power level, the nonlinear intermodulation distortion that is observed is due solely to the nonlinearity of the laser and is not an artifact of the measurement electronics. Figure 2 shows a plot of the received power for the fundamental ͑first-order͒ tone and the third-order intermodulation tone as a function of the rf drive power to the gain section of the laser at a dc bias of 8 mA. The absorber voltage is clamped at 0 V in this measurement, and the light is coupled into 1 m of 50 m graded index multimode fiber. The spur-free dynamic range is the magnitude of the fundamental tone at an input power such that the third-order intermodulation tone magnitude is equal to the laser noise floor power, assuming a 1 Hz instrument bandwidth. 3 The input power at which the spur-free dynamic range is measured for the results in Fig. 2 is indicated by the vertical arrow at Ϫ2 dB m. The noise floor in Fig. 2 is measured with an instrument bandwidth of 3 kHz, which yields a corrected SFDR of 93.0 dB Hz 2/3 for gain modulation with a dc bias of 8 mA to the gain region and 0 V to the absorber region.
The spur-free dynamic ranges reported in this work are absolute, in that the SFDR is measured relative to the laser noise floor rather than the receiver noise floor. For this reason, the laser spur-free dynamic ranges are not directly comparable to the link SFDR values given in Refs. 3, 4, and 6. The maximum SFDR obtained in our measurements is 96.5 dB Hz 2/3 , which was measured for gain modulation over 1 m of 50 m fiber, with a 6 mA gain current bias and a 0 V absorber bias.
As the dc current bias applied to the gain region is varied from 4 to 8 mA, the SFDR obtained for modulation of the gain region varies by 3 dB, with the largest SFDR occurring at a current bias of 6 mA. This result can be explained by referring to Fig. 1͑a͒ . At 4 mA, the device is operating close to threshold, so large-signal modulation results in clipping of the wave form and thus distortion. For large gain biases ͑8 mA͒ the device L -I begins to roll over due to thermal effects, again leading to a distortion. In the intermediate regime of 6 mA, the L -I curve is mostly linear, which yields the best dynamic range for gain modulation.
In addition to investigating the dynamic range obtainable with gain modulation, the SFDR is measured for the absorber modulation technique, with various dc gain and absorber biases. The SFDR resulting from absorber modulation is plotted in Fig. 3͑a͒ for absorber biases ranging from ϩ2 to Ϫ16 V at a gain bias current of 6 mA. The SFDR is maximum at high reverse voltage biases, and reaches a minimum at Ϫ4 V, increasing again at low applied electric fields.
The behavior of the SFDR as a function of absorber bias voltage can be explained with reference to the light versus applied absorber voltage (L -V) characteristic plotted in Fig.  1͑b͒ . Analysis of the Taylor expansion of the absorber L -V function for small signal absorber modulation indicates that the efficiency of the modulation is proportional to the first derivative of the L -V curve, whereas the third-order inter- 
where L(V) is the light output as a function of the absorber voltage and N is the noise floor at a bandwidth of 1 Hz. At high reverse bias voltages, the slope of the measured L -V characteristic ͓see Fig. 1͑b͔͒ is large relative to the third derivative ͉Lٞ(V)͉, so the measured SFDR in this region is relatively large. The dynamic range calculated from the first and third derivative of the L -V curve in Fig. 1͑b͒ is plotted in Fig. 3͑b͒ as a function of the absorber voltage; the calculated values are in good qualitative agreement with the measured experimental data shown in Fig. 3͑a͒ . Finally, the measured SFDR as a function of transmission distance is plotted in Fig. 4 for 50 m fiber; the results for 62.5 m fiber are similar, with a 3 dB Hz 2/3 decrease in SFDR. The observed 2 dB Hz 2/3 reduction in the SFDR measured for both gain and absorber modulation over a 1750 m length of fiber is attributed to nonlinear mixing within the fiber. 4 In conclusion, the analog performance of a threeterminal VCSEL has been compared for two different modulation schemes: gain and absorber modulation. For all configurations of gain and absorber bias, direct gain modulation results in a larger SFDR than does absorber modulation. Furthermore, careful choice of the dc gain bias point is critical in order to achieve the largest SFDR. The observed variation with absorber bias voltage of the SFDR obtained using the absorber modulation technique results from the biasdependent nonlinearity of the light output from the device. The SFDR of the laser under either modulation scheme does not degrade significantly over up to 1750 m of multimode optical fiber.
For both modulation methods, the VCSEL spur-free dynamic range exceeds the requirements for personal communication systems, which are in the range of 72-83 dB Hz 2/3 . 3 Furthermore it is not unreasonable to expect that the performance will not degrade substantially at higher modulation frequencies, as our device has a small-signal modulation bandwidth of 8-9 GHz using either modulation technique. 7 The spur-free dynamic range that results from either gain or absorber modulation is limited primarily by the linearity of the electrical to optical transfer characteristic. The linearity of these devices could be improved by reducing the size of the output aperture in order to minimize the number of transverse modes or by implementing a technique such as that described in Ref. 8 , whereby the variable absorber is used to compensate for nonlinearities in the L -I characteristic of the gain region. 3, 8 This work was supported by Office of Naval Research Grant No. N00014-96-1-0583 and MURI Grant No. N00014-97-1-0508.
